1. Introduction {#sec1-jcdd-05-00050}
===============

The sinoatrial node (SAN) is a group of highly specialized cells, containing less than 10,000 genuine pacemaker cells, keeping the mammalian heart beating regularly \[[@B1-jcdd-05-00050],[@B2-jcdd-05-00050]\]. The SAN however, can become defective via several means including: myocardial infarction, cardiomyopathy, genetic defects but most prevalently because of ageing \[[@B3-jcdd-05-00050],[@B4-jcdd-05-00050],[@B5-jcdd-05-00050]\]. This condition affects approximately 1 in 600 cardiac patients older than 65 years and accounts for 50 percent or more of permanent pacemaker insertions in the United States alone \[[@B4-jcdd-05-00050],[@B6-jcdd-05-00050]\], with the incidence rising due to the world's ageing population \[[@B7-jcdd-05-00050]\]. Dysfunction of the SAN leads to heart rate control issues including bradycardia, with severe cases resulting in sudden cardiac death \[[@B8-jcdd-05-00050],[@B9-jcdd-05-00050]\]. To date, there are no known cures for SAN dysfunction, with the only viable management option being the insertion of an electronic pacemaker.

Implantable electronic pacemaker technology has continued to evolve since its development six decades ago \[[@B10-jcdd-05-00050],[@B11-jcdd-05-00050]\]. Today's modern devices can sense the intrinsic rhythm in both the atrium and ventricle and can pace either chamber on demand at programmable baseline rates \[[@B11-jcdd-05-00050],[@B12-jcdd-05-00050]\]. Furthermore, advancements in battery technology and software algorithms allows devices to be powered for longer periods of time \[[@B12-jcdd-05-00050],[@B13-jcdd-05-00050],[@B14-jcdd-05-00050],[@B15-jcdd-05-00050]\]. Although effective, these devices and their subsequent insertions present their own complications. Myocardial perforations can occur during pacemaker deployment, occurring in up to 1% of insertion cases \[[@B11-jcdd-05-00050],[@B16-jcdd-05-00050],[@B17-jcdd-05-00050]\]. Patients can develop a pneumothorax, wound hematomas or venous thrombosis. Follow up surgeries are needed to correct pacemaker lead failure. These are electronic devices and as such, battery changes are required as they diminish. Most seriously, hardware related infections can manifest, with patients requiring effective antibiosis to be established before a replacement device can be re-inserted \[[@B11-jcdd-05-00050],[@B13-jcdd-05-00050]\].

The complications associated with electronic pacemakers and the existence of a need for better treatment of SAN dysfunction has motivated research into discovering more effective and innovative treatment options. Advances in cellular and molecular biology over the past two decades have spawned exciting avenues which show potential in addressing the limitations of current treatment options. With recent improvements in stem cell development, gene transfer vectors, delivery methods, and viable options for clinical translation, several inroads have been established for treatment of cardiovascular diseases. In this review, we discuss the current experimental approaches using gene therapy for the development of biological pacemakers, and the therapeutic prospects of gene therapy for addressing SAN dysfunction in humans.

2. Prerequisites for the Generation of a Biological Pacemaker {#sec2-jcdd-05-00050}
=============================================================

The SAN can generate electrical impulses faster than those generated in other cells around the heart. It spontaneously depolarizes during diastole to initiate the subsequent heartbeat. The I~f~ (funny) current generated by these nodal cells flows through hyperpolarization-activated cyclic nucleotide-gated (HCN) channels, which are cation channels activated by hyperpolarization. This current is mainly involved in diastolic depolarization, responsible for keeping the heart beating regularly \[[@B18-jcdd-05-00050],[@B19-jcdd-05-00050],[@B20-jcdd-05-00050],[@B21-jcdd-05-00050]\]. The other important current is the inward rectifier potassium (Kir) channel current (I~K1~) flowing through Kir channels. These channels close upon depolarization, suppressing membrane repolarization helping to maintain more prolonged cardiac action potentials and a quiescent state \[[@B22-jcdd-05-00050]\].

HCN4 is a channel isoform highly expressed in the SAN. HCN4 mutations have been shown to cause sinus node dysfunction \[[@B23-jcdd-05-00050],[@B24-jcdd-05-00050],[@B25-jcdd-05-00050]\]. Overexpressing HCN4 specifically in the heart or delivering cardiomyocytes overexpressing HCN4 exhibited pacemaker activity in small animal models \[[@B26-jcdd-05-00050],[@B27-jcdd-05-00050]\]. On the other hand, working cardiomyocytes maintain the resting membrane potentials during diastole. The I~K1~ current flowing through Kir channels plays an important role in this phenomenon. Left ventricular cardiomyocytes of guinea pigs transduced with dominant-negative Kir2.1 showed spontaneous action potentials \[[@B22-jcdd-05-00050],[@B26-jcdd-05-00050]\]. Additionally, I~K1~-enhanced human-induced pluripotent stem cell-derived cardiomyocytes (hiPSC-CMs) lose spontaneous beating and acquire stable resting membrane potentials \[[@B28-jcdd-05-00050]\].

Different biological approaches to enhance cardiac automaticity have been investigated over the years. The common goal is to generate an ectopic region of automaticity in the heart that can function as a surrogate for the SAN. To do this, enhancement of the I~f~ current and/or attenuation of the I~K1~ current are prerequisites for spontaneous diastolic depolarization of SAN cells \[[@B29-jcdd-05-00050]\].

The number of cells required to pace the heart however is not as well defined. In the native heart the number of genuine pacemaker cells is estimated to be less than 10,000 \[[@B1-jcdd-05-00050]\]. Earlier studies with spontaneous beating embryoid bodies derived from human or mouse embryonic stem cells suggested that comparable number of cells could pace the rodent ventricle upon transplantation \[[@B30-jcdd-05-00050],[@B31-jcdd-05-00050]\]. It is less straightforward to estimate the number of pacemaker cells needed to achieve sustainable pacing in the case of gene-based biological pacemakers. One would need to estimate the number of de novo, in situ-reprogrammed pacemaker cells by immunostaining and 3-d reconstruction, for example. Furthermore, a dosing study will likely be needed to find the dose that yields sustainable cardiac pacing in an animal model of chronic bradycardia.

3. Cell-Based Approaches to Biological Pacemakers {#sec3-jcdd-05-00050}
=================================================

Cell-based approaches to biological pacemakers involve transplanting a cluster of spontaneously beating cells into the heart, to induce pacemaker activity \[[@B13-jcdd-05-00050],[@B32-jcdd-05-00050],[@B33-jcdd-05-00050]\]. The first cell-based system transplanted dissociated fetal canine cardiomyocytes into the myocardium of the left ventricular free wall with AV block. Ectopic ventricular escape rhythms appeared in two implanted animals but not in the controls, with the group suspecting the implanted cells were functionally coupling with the host cardiomyocytes \[[@B34-jcdd-05-00050]\]. Although successful, the origin of the cells raised ethical issues, the cells engraftment was poor, and transplantation requires extensive immunosuppression. The cell transplantation approach, from then on, was sporadically mimicked using various spontaneously beating cell types derived from different sources \[[@B32-jcdd-05-00050],[@B33-jcdd-05-00050]\].

Human embryonic stem cells (hESCs) readily differentiate into spontaneously beating cardiomyocytes and provide a more robust source of pacemaker-like cells \[[@B35-jcdd-05-00050],[@B36-jcdd-05-00050]\]. In vivo transplantation of hESC-derived cardiomyocytes into guinea pigs resulted in biological pacemaker activity confirmed by ex vivo optical mapping \[[@B30-jcdd-05-00050]\]. SAN-like pacemaker cells generated from hESCs by transgene independent differentiation, demonstrated the capacity to function as a biological pacemaker when transplanted into the apex of rat hearts \[[@B36-jcdd-05-00050]\]. Furthermore, pigs with chronic AV block, transplanted with spontaneously active embryoid bodies, showed an induction of significant pacemaker function that persisted for weeks \[[@B37-jcdd-05-00050]\]. Once again, the downside to this approach was the controversial source of the cells and the need for strong immunosuppression to maintain engraftment of the transplanted donor cells.

An alternative strategy that can potentially overcome the contentiousness and immunological issues present with hESC derived pacemaker cells is to use autologous-induced pluripotent stem cells (iPSC). These cells are created using a cocktail of transcription factors to de-differentiate adult cells obtained from skin or hair, into a pluripotent state \[[@B38-jcdd-05-00050]\]. They are then subsequently differentiated into pacemaker-like cells which are then used in in vitro and in vivo experiments \[[@B39-jcdd-05-00050],[@B40-jcdd-05-00050],[@B41-jcdd-05-00050]\]. In one study, iPSC-derived cardiomyocytes were delivered into dog hearts by open thoracotomy. Biological pacemaker activity was seen in only 50% of the animals, with beating rates of 40--50 bpm \[[@B42-jcdd-05-00050]\].

Although more attractive, iPSC-derived biological pacemakers still face substantial hurdles. Current iPSC technologies produce mixed population of cells with various phenotypes. One approach to enhance the pacemaker cell population is to overexpress a transcription factor, such as Shox2, which is specific to the sinoatrial node development during differentiation of pluripotent stem cells \[[@B31-jcdd-05-00050]\]. It however, may be impractical or perhaps unnecessary to attain pure populations of pacemaker cells for the purpose of biological cardiac pacing. The native SAN is indeed a highly heterogeneous tissue, in which atrial myocytes, transitional myocytes with both atrial- and nodal-like phenotypes as well as non-myocytes reside \[[@B43-jcdd-05-00050],[@B44-jcdd-05-00050],[@B45-jcdd-05-00050]\].

Safety concerns also still exist around the use of iPSCs due to their relative immaturity \[[@B46-jcdd-05-00050]\], potential to migrate or differentiate into other cell types, and tumorigenicity \[[@B47-jcdd-05-00050]\]. Antiviral immune responses might be generated against the transcription factors introduced via viral vectors to de-differentiate the primary adult cells. However, this concern is decreasing as non-viral, non-integrating methods become more widely used \[[@B48-jcdd-05-00050]\]. Moreover, generating iPSCs requires weeks to months, meaning a patient would have to defer treatment until their cells became available. This limits the potential patient pool to those not requiring urgent chronotropic support.

Therefore, other treatment modalities via gene therapy need to be explored to address the shortcomings of using cell-based approaches to biological pacemakers.

4. General Principles of Myocardial Gene Therapy {#sec4-jcdd-05-00050}
================================================

In the broadest of terms, gene therapy refers to the delivery of nucleic acid sequences to manipulate gene expression in target cells or tissue, with the aim of effecting a specific therapeutic outcome. Three criteria are required for successful gene therapy. (1) The selection of a gene transfer vector. (2) A suitable vector delivery method and (3) A therapeutic gene target. Every application of gene therapy requires all three of these components specifically tailored to the application.

There are three main approaches to gene therapy. The classic approach is the overexpression of a gene of interest. This involves using a constitutively active and/or tissue specific promoter to express a gene that is normally not available or is down-regulated. Overexpression of this gene however is predicted to have a therapeutic effect \[[@B2-jcdd-05-00050]\]. The second approach employs regulatory RNA molecules such as siRNAs and miRNAs to target and turn off genes in a sequence dependent manner \[[@B49-jcdd-05-00050],[@B50-jcdd-05-00050]\]. The final approach and the most contemporary employs molecular techniques to alter the DNA code to repair gene defects \[[@B51-jcdd-05-00050]\]. Each of these approaches present their own strengths and limitations, each being selected based on the application required.

4.1. Vectors {#sec4dot1-jcdd-05-00050}
------------

The most common forms of gene therapy entail the transfer of nucleic acids via a viral vector. Viral vectors are exploited because of their natural ability to efficiently deliver genetic material to cells or tissue. Gene therapy applications use viral genomes which are highly edited, so that they become non-infectious and replication defective. Therefore, posing minimal risk to the host and surrounding environment \[[@B52-jcdd-05-00050],[@B53-jcdd-05-00050],[@B54-jcdd-05-00050]\].

Several viral vectors are currently used for gene transfer applications in a cardiac context. The four most commonly used methods are compared in [Table 1](#jcdd-05-00050-t001){ref-type="table"}. Plasmid DNA is commonly used for in vitro transfection experiments as it is the easiest to produce and has a large packaging capacity. It has been used in cardiac applications. However, its main shortcomings include a very low transfection efficiency in in vivo applications and very transient gene expression \[[@B55-jcdd-05-00050],[@B56-jcdd-05-00050]\]. This therefore limits its application for pacemaker development. Adenoviral vectors are the most widely used in cardiac gene therapy applications. They can transduce the mammalian heart with a very high efficiency, allowing for robust proof-of-principle studies. This vector's main limitation is the induction of strong and rapid inflammatory and immune responses, resulting in a limited expression window of two weeks \[[@B2-jcdd-05-00050],[@B57-jcdd-05-00050],[@B58-jcdd-05-00050],[@B59-jcdd-05-00050],[@B60-jcdd-05-00050]\]. Lentiviral vectors are capable of long-term gene expression via their ability to integrate into the host cell genome. They however are not as cardiotropic, requiring direct injections only. There is also the attendant risk of insertional mutagenesis, because of the integrating nature of the vectors' biology \[[@B61-jcdd-05-00050],[@B62-jcdd-05-00050],[@B63-jcdd-05-00050],[@B64-jcdd-05-00050]\].

Recombinant adeno-associated virus (rAAV) has become the most promising vector for cardiac-based gene therapy. This vector is derived from a parental virus presumed to be non-pathogenic. Packaging with certain capsid subtypes generates vectors which are highly cardiotropic and capable of excellent cardiac transduction. This vector generates minimal immunogenicity and can therefore confer long term gene expression. The two main limitations this vector possesses include a limited packaging capacity and the vectors have severely inhibited functionality in the presence of pre-existing neutralizing antibodies \[[@B65-jcdd-05-00050],[@B66-jcdd-05-00050],[@B67-jcdd-05-00050],[@B68-jcdd-05-00050]\].

### Improving rAAV Delivery Vectors

As outlined in [Section 4.1](#sec4dot1-jcdd-05-00050){ref-type="sec"}, each delivery vector possesses its own strengths and weaknesses. Since rAAV has become a promising candidate for human clinical trials, efforts are being undertaken to improve its efficiency at transducing target cells and its ability to evade pre-existing neutralizing antibodies. Two current approaches for generating these improved vectors include "rational design" of novel AAV variants \[[@B70-jcdd-05-00050]\] or directed evolution to isolate cardiotropic rAAV variants from AAV libraries with diverse capsids, also helping to evade the immune response \[[@B71-jcdd-05-00050]\]. Directed evolution has shown more promise with generating functional, novel, capsid variants in models targeting the liver and lungs \[[@B72-jcdd-05-00050],[@B73-jcdd-05-00050]\] although minimal work has been done on targeting cardiac cells \[[@B74-jcdd-05-00050]\].

4.2. Vector Delivery to Myocardium {#sec4dot2-jcdd-05-00050}
----------------------------------

Several approaches for delivering viral vectors in pre-clinical models have been trialed over the past two decades, each presenting their own strengths and weaknesses. These delivery strategies have been developed and optimized for the large mammalian heart as outlined in [Figure 1](#jcdd-05-00050-f001){ref-type="fig"} and lend themselves to clinical translation.

The ideal site of injection in the context of SAN dysfunction would be in the region of the SAN itself. This would ensure synchronous atrial and ventricular activation provided the AV node and the remainder of the conduction system was intact. Injection at other sites within the atrium could also achieve this but perhaps with reduced efficiency due to separation from the native conduction system. Effective, minimally invasive approaches to atrial gene delivery have not yet been developed. The approach used in most of the large animal studies to date to overcome this limitation has been to inject vector into the right ventricle \[[@B75-jcdd-05-00050],[@B76-jcdd-05-00050]\]. Within this chamber, injection into the septum in the region of the bundle of His allows the biological pacemaker to capture the natural conducting system and avoid ventricular desynchrony. As such, the following sections discuss the most common approaches for delivering viral vectors to these sites.

### 4.2.1. Epicardial Painting {#sec4dot2dot1-jcdd-05-00050}

Epicardial painting was one of the first methods used for targeted vector delivery to the atrium \[[@B77-jcdd-05-00050],[@B78-jcdd-05-00050]\]. This method, used in pre-clinical pig models involved exposing the atria and painting a mixture of vector, poloxomer and varying concentrations of the proteolytic enzyme trypsin to the epicardial surface. The poloxomer, a synthetic polymer, is liquid at 4 degrees celsius, allowing it to be mixed with the vector and painted onto the atria. Upon warming it becomes solid and helps to immobilise and contain the vector to the epicardial surface of the atria. Furthermore, the trypsin is used to dissolve the epicardial extracellular matrix, allowing the vector to penetrate directly into the atrial muscle. Importantly, atrial muscle weakening and inadvertent transduction of the ventricles did not occur following gene transfer by this method \[[@B79-jcdd-05-00050]\]. This approach could therefore be trialled as a delivery method in pacemaker development by painting a small area of myocardium to create a focal point for gene transfer. This approach, however, requires an invasive surgical thoracotomy for access to the epicardial atrial surface.

### 4.2.2. Epicardial Injection {#sec4dot2dot2-jcdd-05-00050}

Direct epicardial injections have also been used for vector delivery \[[@B52-jcdd-05-00050],[@B80-jcdd-05-00050]\]. This process involves performing a thoracotomy to expose the epicardial surface of the heart. Once exposed, small gauged needles are used to inject directly into the heart wall. This method leads to localised and high-density transgene expression around the needle track. Electroporation has also been used in conjunction with epicardial injections to increase transduction efficiency \[[@B81-jcdd-05-00050],[@B82-jcdd-05-00050]\]. This dual modality increased transduction efficiency from 10% to 50% in atrial cells \[[@B50-jcdd-05-00050],[@B81-jcdd-05-00050],[@B82-jcdd-05-00050]\]. The major limitation of this approach is the need for invasive surgery via a thoracotomy to expose the epicardial surface of the heart. This increases the risk of major complications during the procedure, and in the postoperative period. There is also the probability of heterogeneous gene expression, injection-related tissue damage triggering an acute inflammatory response \[[@B52-jcdd-05-00050],[@B83-jcdd-05-00050]\] as well as potential clinical issues such as ventricular fibrillation if the electroporation shocks are not synchronised with ventricular electrical activation \[[@B84-jcdd-05-00050]\].

### 4.2.3. Selective Intracoronary Perfusion {#sec4dot2dot3-jcdd-05-00050}

Arterial perfusion was created as a way to selectively deliver a gene therapy vector to a smaller area of myocardium (atrioventricular node) to modify its electrophysiology \[[@B85-jcdd-05-00050]\]. This approach involves advancing a perfusion catheter with a small lumen as far down as possible in the target coronary artery. The advantages of this approach include minimal invasiveness, and delivery of vectors can be achieved using standard clinical approaches with off-the-shelf equipment. The main disadvantage of delivery by intracoronary perfusion is the limited efficacy of transduction largely due to the following hurdles: (1) overcoming innate microvascular tone; (2) vascular endothelial barrier to access cellular targets and; (3) local vector--target cell interactions \[[@B86-jcdd-05-00050],[@B87-jcdd-05-00050],[@B88-jcdd-05-00050],[@B89-jcdd-05-00050],[@B90-jcdd-05-00050],[@B91-jcdd-05-00050]\]. To help overcome these barriers nitroglycerin, adenosine, vascular endothelial growth factor and low calcium crystalloid administration have been assessed. High levels of gene transfer have been able to be achieved at the target site of the atrioventricular (AV) node by using an intracoronary perfusion protocol \[[@B85-jcdd-05-00050]\]. In a pig model, the right coronary artery was catheterised, and its AV nodal branch cannulated. The latter was infused with a cocktail of agents to dilate and permeablise the vasculature followed by vector delivery. With this approach, a transduction efficiency close to 50% of AV nodal cells was able to be achieved, allowing for electrophysiological modification of AV node function.

### 4.2.4. Intramyocardial Injection {#sec4dot2dot4-jcdd-05-00050}

The intramyocardial injection method presents the most attractive way to deliver vectors to the mammalian heart, especially for biological pacemaker development \[[@B75-jcdd-05-00050],[@B92-jcdd-05-00050]\]. The process involves the advancement of an endocardial needle catheter, under fluoroscopic guidance to the site of injection. Once in position, the needle is advanced into the myocardial wall to inject the vector directly. Direct intramyocardial injections have several advantages over other methods, especially in the case of biological pacemakers: (1) vectors can be delivered at very high local concentrations, due to minimal leakage into the surrounding tissue, (2) direct injection bypasses the endothelial barrier, which acts as a formidable barrier for efficient gene transfer, (3) off-target organ biodistribution is minimized due to the decreased spread of the vector outside the injection site and (4) the neutralizing effect of pre-existing antibodies is stunted as there is decreased exposure to the humoral immune response. In the case of biological pacemakers using gene therapy, direct intramyocardial injection is the ideal approach as percutaneous, catheter-based injections are minimally invasive and a focal site is desirable for pacing.

5. Gene Therapy Approaches to Biological Pacemakers {#sec5-jcdd-05-00050}
===================================================

Different approaches using gene therapy have been investigated over the past two decades, to enhance cardiac automaticity. The goal of all the approaches is to generate a region of automaticity in the heart that can function as a replacement for the SAN. The following section will discuss the various gene-based attempts to generate biological pacemakers.

5.1. Receptor-Based Gene Therapy Apporach {#sec5dot1-jcdd-05-00050}
-----------------------------------------

The sinus node has a higher density of β adrenergic receptors as compared to the surrounding atrium \[[@B93-jcdd-05-00050],[@B94-jcdd-05-00050]\]. The increased density of this receptor near the SAN suggested that it regulated the I~f~ current and could therefore result in an increased heart rate \[[@B95-jcdd-05-00050]\]. One of the earliest gene therapy approaches for biological pacing looked at increasing the heart rate of mice \[[@B93-jcdd-05-00050],[@B96-jcdd-05-00050]\] and pigs \[[@B97-jcdd-05-00050]\] by overexpressing the human form of the β~2~ adrenergic receptors in the atrium. Although this approach did not generate a so-called biological pacemaker, endogenous SAN rates were accelerated by up to 50% in treated animals as compared to the controls. The limitation of this approach was that the diseased phenotype of pacemaker dysfunction was not addressed and the β~2~ receptors were used in a non-specific manner to stimulate the heart rate. This approach could therefore influence other channels which were thought to be stimulated in a similar manner.

5.2. Channel-Based Gene Therapy Approaches {#sec5dot2-jcdd-05-00050}
------------------------------------------

### 5.2.1. Kir2.1 Channel Downregulation (Kir2.1AAA) {#sec5dot2dot1-jcdd-05-00050}

As outlined previously, I~K1~ and other potassium currents contribute to action potential repolarization and establish diastolic resting membrane potentials. Genetic suppression and down regulation of these currents was used in a way to release the "electrical I~K1~ brake" and generate automatic rhythms.

Reduction in the number of functional Kir channels (encoded by the KIR2 gene family) was achieved in the left ventricular myocardium of guinea pig hearts by overexpressing a Kir2.1-dominant-negative construct (Kir2.1AAA) via adenoviral mediated gene therapy \[[@B22-jcdd-05-00050]\]. This construct allowed ventricular cardiomyocytes to depolarize spontaneously by suppression of the I~K1~ current. Like the β~2~ adrenergic receptor approach, suppression of the I~K1~ current did not create phenotypic pacemaker-like cells but rather attempted to manipulate a single ionic channel, leaving the ventricular myocytes structurally and genetically unaltered. One important concern that was raised because of this study was that downregulation of I~K1~ removed an important determinant of repolarization, leading to prolonged repolarization. This could then result in excessive dispersion of repolarization leading to increased risks of arrhythmia \[[@B98-jcdd-05-00050]\]. Follow-up studies demonstrated that overexpression of KIR2.1AAA affected the resting membrane potential resulting in spontaneous depolarizations, but also led to prolongation of action potential duration when less-intensely expressed in the heart \[[@B99-jcdd-05-00050]\].

These studies did not characterize the effects of changes to I~K1~ in the myocardium. Hence, stringent studies should be performed to characterize the effects in preclinical models, including large animals with heart rates similar to humans, to rule out potential pro-arrhythmic effects of I~K1~ modulation.

### 5.2.2. HCN Overexpression {#sec5dot2dot2-jcdd-05-00050}

Pacing cells are unique in that they have a slow depolarizing phase, rendering them spontaneously active \[[@B100-jcdd-05-00050]\]. This is centered around the function of the HCN channels which increase the inward currents and generate the I~f~ current during the hyperpolarization phase of the action potential. HCN1, 2 and 4 have been studied. HCN4 is the dominant form found in the SAN, HCN2 is the dominant form found in the conducting system and HCN1 is also found in the SAN but is less optimal for pacemaker targeting \[[@B101-jcdd-05-00050],[@B102-jcdd-05-00050],[@B103-jcdd-05-00050],[@B104-jcdd-05-00050]\]. HCN2 has been the target of overexpression because of its favorable activation kinetics over the other HCN channels.

One of the first attempts at targeting the HCN channels for functional reengineering to create pacemaker cells involved the overexpression of HCN2 in a canine model \[[@B98-jcdd-05-00050]\]. Adenoviral constructs expressing the mouse HCN2 gene were delivered via epicardial injection to the root of the left atrial appendage. Four days after delivery, spontaneous beats were detected originating at the injection site. The heart rate was enhanced with catecholamines and suppressed by left vagal stimulation, showing autonomic responsiveness. Cells examined from the site of injection showed increased expression of HCN2 channels and currents, confirming effectiveness of the approach.

Follow up studies injected the same HCN2 construct into the left bundle branch of canines in sinus rhythm, subjected to transient atrioventricular block and vagal stimulation \[[@B76-jcdd-05-00050]\]. Biological pacemaker function compared well to the electronic units implanted into the controls. The major downside however was the ideal basal and maximal rates were 30--40 bpm and 60--80 bpm slower, respectively.

Improvement is clearly needed for HCN channel overexpression. This has been sought by designing mutant or chimeric HCN constructs that have more-positive activation, enhanced responsiveness or using combined therapies \[[@B105-jcdd-05-00050],[@B106-jcdd-05-00050]\]. The HCN approach is potentially less pro-arrhythmic compared to I~K1~ suppression as it incorporates the endogenous pacemaker channel gene, which selectively activates only during diastole.

5.3. Combined Gene-Cell Approaches {#sec5dot3-jcdd-05-00050}
----------------------------------

To harness the strengths of stem cells and gene therapy for biological pacemaker development, combined gene-cell delivery platforms have been trialed. This involved overexpressing pacemaker genes in cells before transplantation to increase their ability to form junctions with adjacent cells and to enhance their automaticity.

The most successful preclinical work to date involved injecting human mesenchymal stem cells (hMSC) overexpressing HCN2 into the canine hearts with complete heart block \[[@B107-jcdd-05-00050],[@B108-jcdd-05-00050]\]. Animals injected with the engineered hMSCs showed biological pacemaker activity with rates of 50--60 bpm and no evidence of cellular or humoral rejection \[[@B107-jcdd-05-00050]\]. Advantages of this approach include avoiding the use of viral vectors and immunosuppression. However, fairly low heart rates were achieved as compared to baseline rates. Concerns still exist surrounding the potential migration and further differentiation of hMSCs once delivered to the heart and the efficiency and duration of cell engraftment is still not ideal \[[@B109-jcdd-05-00050]\].

Another combined approach used polyethylene glycol to fuse engineered syngeneic fibroblasts overexpressing HCN1, injected into guinea pig hearts \[[@B110-jcdd-05-00050]\]. The study documented the formation of fibroblast--myocyte connections, biological pacemaker activity originating at the injection site and β adrenergic responsiveness. Although this alternative represents a non-viral, non-stem-cell-based approach, the major concern includes using polyethylene glycol in a clinical setting and optimizing minimally invasive delivery systems for cell-fusion biological pacemakers.

5.4. Somatic Reprogramming to an Induced Pacemaker-Like Phenotype {#sec5dot4-jcdd-05-00050}
-----------------------------------------------------------------

Advancement in the understanding of how the SAN forms during embryonic development has led to increased recent efforts to develop a biological pacemaker. The new approach now focuses on reactivating developmental pathways to reprogram adult cardiomyocytes into pacemaker like cells. Unlike the stem cell, receptor and channel-based gene therapy approaches, somatic reprogramming involving the overexpression of transcription factors has shown tremendous potential in creating faithful replicas of pacemaker cells \[[@B2-jcdd-05-00050],[@B75-jcdd-05-00050]\].

The developmental biology of the SAN provides the most relevant information when looking at which transcription factors would provide the most successful outcomes. Previous research highlighted that the functions of the transcription factors Shox2, Tbx3, and Tbx18, along with canonical Wnt signaling were most relevant in the embryonic specification and maturation of the SAN \[[@B111-jcdd-05-00050],[@B112-jcdd-05-00050],[@B113-jcdd-05-00050]\]. This knowledge led to the overexpression of the gene coding for the human embryonic transcription factor TBX18 in ventricular cardiomyocytes of adult guinea pigs in a bradycardic disease model \[[@B2-jcdd-05-00050]\]. Transduction of TBX18 induced reprogramming of ventricular cardiomyocytes into SAN cells which resembled endogenous SAN cells. As opposed to previous approaches, no single determinant of excitability was selectively overexpressed. Rather, the entire gene expression profile was altered resulting in fundamental phenotypic changes to the cells, meaning there were no major differences between the reprogrammed cells or their native counterparts. Furthermore, the in vivo reprogramming by TBX18 created a biological pacemaker rhythm in the guinea pig hearts that corrected the disease model, originating from the injection site and was responsive to chronotropic intervention.

Following on from the small animal model using TBX18 for somatic reprogramming, TBX18 was again delivered using an adenoviral vector via a minimally invasive technique in a swine model of complete heart block \[[@B75-jcdd-05-00050]\]. The vector encoding TBX18 was delivered to the His-bundle region by a needle catheter without the need for any invasive surgery. The animals were monitored by implanted continuous ECG and activity telemetry devices with the results showing that animals transduced with TBX18 had stable pacemaker activity originating from the injection site while also having a higher heart rate, more diurnal heart rate variation, decreased reliance on the backup electronic pacemaker and an increased physiologic autonomic response to isoproterenol. Moreover, there were no signs of pro-arrhythmia or systemic adverse effects. While these results were the most promising to date, biological pacing in this model peaked around day 7--8 and waned by day 14. The declining heart rate is explained by the host immune response to the adenoviral vector employed \[[@B2-jcdd-05-00050],[@B57-jcdd-05-00050],[@B58-jcdd-05-00050],[@B59-jcdd-05-00050],[@B60-jcdd-05-00050]\].

6. RNA and Small Molecule-Based Therapy Approaches {#sec6-jcdd-05-00050}
==================================================

Recent advances in the use of in vitro transcribed, synthetic mRNA and small molecule biologics have broadened the scope of therapeutic targets for a variety of human diseases because their development and delivery are relatively straightforward \[[@B114-jcdd-05-00050]\]. This holds true for dozens of mRNA and small molecule-based therapeutics currently under clinical investigation for the treatment of diseases ranging from genetic disorders, HIV infection, various cancers and cardiovascular diseases \[[@B115-jcdd-05-00050]\]. These emerging treatment options demonstrate the unprecedented versatility of these emerging technologies and the wide scope for application. Issues however have hindered the clinical progress of these approaches. mRNA is inherently unstable with the half-life yet to be tested. It is potentially immunogenic, although eliciting a lower immune response compared to adenoviral vector mediated approaches \[[@B116-jcdd-05-00050],[@B117-jcdd-05-00050]\]. They typically require a delivery vehicle for efficient transport to the targeted cells \[[@B115-jcdd-05-00050]\], but myocardial gene transfer efficiency of synthetic mRNA sufficient for reprogramming chamber myocardium to induce pacemaker cells in situ has not been examined. Small molecules can be enzyme inhibitors, receptor ligands, or allosteric modulators, generating unwanted and sometimes serious off target effects \[[@B118-jcdd-05-00050]\]. Furthermore, localized delivery of small molecules for extended periods of time may lead to inferior safety profiles compared to gene transfer technologies. These two approaches present another set of alternatives to biological pacemaker development. Their feasibilities however have not been sufficiently explored in this application, requiring extensive investigation for their potential uses.

7. Limitations of Gene Therapy Use for Biological Pacemakers {#sec7-jcdd-05-00050}
============================================================

As outlined by this review, there are still many limitations to using gene therapy for the development of biological pacemakers. The use of viral vectors to deliver the necessary genes, presents its own inherent problems. For example, replication deficient adenoviruses only provide transient improvement in pacemaker function largely due to the vector's ability to induce a strong and rapid inflammatory and immune response that results in vector clearance. Other vectors such as lentivirus are not cardiotropic and do not efficiently transduced the myocardium. There is also a greater risk of insertional mutagenesis.

The appropriate choice of viral vector is the best way to address the major issue of duration of function for biological pacemakers created by gene transfer. The duration of pacemaker function depends on vector-host interactions and ultimately the survival of the vector. This requires vectors that can evade the immune response and confer long term gene expression. To address these vector limitations, AAV vectors present a promising alternative due to several factors. They are highly cardiotropic in nature, they have minimal immunogenicity as compared to other vectors, they allow for longer term gene expression, they have been used in several human clinical trials highlighting their reliability and efficacy as a gene therapy vector and further research is being conducted via directed evolution to create capsids with enhanced cardiotropism and an ability to evade the immune response.

The current approaches mainly rely on the insertion of the pacemaker genes in the proximal conduction system or ventricular myocardium for proof-of-principle studies. There are significant difficulties creating a large animal model of SAN dysfunction and therefore it is unknown if these types of biological pacemakers can drive atrial pacing in the context of SAN disease. This requires further evaluation with comparison of effects of vector injection at different sites around the heart including atrial sites near the native SAN.

Furthermore, the setting in which a biological pacemaker will be used needs to be further examined. The delay between gene delivery and biological function remains limited by the time it takes for the vector to deliver the gene and then begin to function. Hence clinical scenarios where biological pacemaking is used as an adjunct to conventional therapy would be the most suitable entry point into clinical use.

Finally, the autonomic responsiveness of biological pacemakers, the ideal site for implantation, the extent of recovery of pacemaker activity and the ideal construct for gene delivery remain unanswered questions.

8. Conclusions {#sec8-jcdd-05-00050}
==============

The development of biological pacing via gene therapy has come a long way, yet much remains to be understood if we are to create a therapy that can be given with appropriate safety and predictable efficacy for large populations of individuals.

Electronic pacemakers are effective therapies, and continued advances in device technology will raise the bar for biological pacemaker therapy. However, advances in embryonic pacemaker development, molecular biology techniques and gene therapy applications provide new opportunities for biological pacemakers that may outperform electronic devices in the future. Treating SAN dysfunction may be feasible in the future, but more work is required to develop clinically relevant animal models.

More comprehensive testing of biological pacemakers in translational large animal models and Phase I clinical trials will almost certainly employ a tandem approach, with electronic pacemakers providing a safety net. However, eventually, it is envisioned that biological pacemaker will not only confers stability that outlasts that of an electronic pacemaker but will also be individually tailored to the pathophysiology of each patient, responding to their own innate autonomic system. This will all need to be accomplished without any increased risk of rejection, neoplasia, or arrhythmias. Though many important hurdles to biologic therapies exist, given the exciting advances and increasing pace of innovation, it is optimistic that translation of this technology is on the horizon.

Our work was supported by a National Health and Medical Research Council of Australia Project Grant (APP1128864) to EK, Future Leader Fellowship (ID 100463) from the National Heart Foundation of Australia (JJHC) and a Sydney Medical School Foundation Fellowship (JJHC). MF was supported by the MyWestmead Early Career Research Scholarship and Arab Bank Postgraduate Research Scholarship from the Westmead Medical Research Foundation.

The authors declare no conflict of interest.

![Vector delivery approaches targeting the different sites of the myocardium.](jcdd-05-00050-g001){#jcdd-05-00050-f001}

jcdd-05-00050-t001_Table 1

###### 

Plasmids and Viral Vectors for Cardiovascular Gene Therapy Applications \[[@B69-jcdd-05-00050]\].

  Vector                               Plasmid                           AAV                                                    Lentivirus                        Adenovirus
  ------------------------------------ --------------------------------- ------------------------------------------------------ --------------------------------- -----------------------------------------
  Maximum titre (particles per mL)     N/A                               Up to 10^13^                                           Up to 10^9^                       Up to 10^13^
  Genome/Size (Kb)                     DNA                               ssDNA                                                  ssRNA                             dsDNA
  Insert capacity                      15 kB                             4.8 kB                                                 10 kB                             7 to 30 kB
  Integration                          No                                No                                                     Yes (Random)                      No
  Length of transgene expression       Up to 2 Months                    Long Term                                              Long Term                         Up to 2 Weeks
  Immunogenicity                       Minimally Immunogenic             Minimally Immunogenic                                  Minimally Immunogenic             Cytotoxic and Immunogenic
  Limited by neutralizing antibodies   No                                Yes                                                    No                                No
  Target cells                         Dividing and Non-dividing cells   Dividing and Non-dividing cells                        Dividing and Non-dividing cells   Dividing and Non-dividing cells
  Cardiac gene transfer                Low Cardiac Transduction          Cardiotropic AAV Serotypes                             Lower Cardiac Transduction        High Cardiac Transduction
  Disadvantages                        Low Transfection Efficiency       Risk of neutralizing antibodies and T-Cell Responses   Risk of insertional mutagenesis   High antibody and inflammatory response
  Clinical trial approval              Yes                               Yes                                                    Yes                               Yes
